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Abstract 
The decentralised treatment of concentrated sewage (about 3600 mgCOD/l) at low temperature 
was investigated in a two-step anaerobic system: two-anaerobic hybrid (AH) septic tanks (each 
0.575 m3). The two reactors were placed in a temperature controlled-room and the hydraulic retention 
time (HRT) was 2.5 days for each reactor.  The system was fed with concentrated domestic sewage, 
mainly black water from about 40 toilets flushed with only 4 litre of water and a limited amount of 
grey water. The system showed high removal efficiency for the different COD fractions. Mean 
removal efficiencies in the two-step AH-septic tank at 5 days HRT and 13oC were 94, 98, 74 and 
78% for total COD, suspended COD, colloidal COD and dissolved COD respectively. The results 
of short run experiments indicated that the presence of RPF media in the AH-septic tank improved 
the removal of suspended COD by 22%. The first AH-septic tank was full of sludge after 4 months 
of operation due to the high removal of particulate COD and the limited hydrolysis at low 
temperature conditions. Therefore, a simple mathematical model was developed based on ADM1 
(IWA, 2002). Based on the experimental results and the mathematical model, only a one-step AH 
septic tank is required. An HRT of 5.5-7.5 days is needed for that one-step AH septic tank to treat 
concentrated domestic sewage at low temperature of 13oC. Such system can provide a COD 
removal as high as 87% and will be full of sludge after a period of more than a year.  
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INTRODUCTION 
Developing countries suffer from the lack of improper wastewater collection and treatment facilities, 
especially in rural areas. In Egypt, more than 95% of the Egyptian rural area are not provided with 
wastewater collection and treatment facilities. There are about 4000 Egyptian rural areas with a 
population ranged from 1000 to 20000 capita. The wastewater produced from houses in these Egyptian 
rural areas are mainly collected and treated in septic tanks. The high construction, operation and 
maintenance costs for centralised wastewater collection and treatment represent an obstacle for the 
Egyptian government to install such systems in Egyptian rural areas. On the other hand, most of the 
wastewater produced in developing countries is collected and treated up to tertiary treatment. In The 
Netherlands about 95% of the produced wastewater is treated in central facilities (Bogte et al., 1993). 
The remaining 5% is produced from different sources, like remote houses, farms and recreation 
facilities for which connection to municipal wastewater is too costly.  From 2005, it is forbidden in The 
Netherlands to discharge municipal wastewater into surface water and soil without adequate treatment. 
Also, in USA, on-site treatment (mainly septic tank) for domestic sewage serves about 20% of the US 
population, > 20 million homes (Scandura and Sobsey, 1997). Therefore, decentralised treatment can 
represent a suitable option for the treatment of sewage not only for rural areas in developing countries, 
but also for unserved areas with wastewater collection and treatment facilities in developed countries.  
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Anaerobic treatment of sewage represents a low-cost and sustainable technology for domestic sewage 
treatment for community on-site and off-site (Lettinga et al., 1993; Zeeman et al., 2000; Lettinga, 
2001; Lettinga et al., 2001) especially with concentrated sewage. The septic tank is the most known 
and commonly applied method for on-site treatment of sewage. Bogte et al. (1993) and Lettinga et al. 
(1993) researched the use of a UASB-septic tank for on-site treatment of black water and domestic 
sewage. The UASB-septic tank differs from the conventional septic tank system by the upflow mode in 
which the system is operated resulting in both improved physical removal of suspended solids and 
improved biological conversion of dissolved components. The most important difference with the 
traditional UASB system is that the UASB-septic tank system is also designed for the accumulation 
and stabilisation of sludge. For low temperature conditions, Zeeman and Lettinga (1999) proposed a 
two-step UASB-septic tank for on-site treatment of domestic sewage.  
 
The AH reactor, which consists of a sludge bed in the lower part and an AF in the upper part combines 
advantages of UASB and AF reactors, while minimising their limitations (Tilche and Vieira, 1991). 
Oriented and porous media in the AF reactor provide better performance than random and non-porous 
media respectively (Young, 1991). Huysman et al. (1983) reported that reticulated polyurethane foam 
(RPF), porous media, offers an excellent colonisation matrix for the AF reactor. Elimitwalli et al. 
(2000) showed that clean vertical sheets of RPF were efficient in removing suspended COD (>75%) in 
domestic sewage even at a short HRT as low as 0.5 h and at high upflow velocity as high as 10 m/h.  
 
The objective of the present research was to investigate the feasibility of anaerobic treatment of 
concentrated sewage at low temperature using a two-step AH-septic tank. Moreover, a simple 
mathematical model based on anaerobic digestion model no. 1, ADM1 (IWA, 2002) was developed to 
predict the effect of the different operational parameters, like HRT and temperature, on system 
performance and to optimise the system design. 
 
 
MATERIALS AND METHODS 
Fig. 1 shows a schematic diagram of the experimental set-up, consisting of two AH-septic tank reactors 
(each 0.575 m3). The height of each reactor was 2.25 m.  The media used in the reactors were vertical 
sheets of RPF with knobs at one side (Recticel, Buren, The Netherlands). The media were oriented 
vertically, face to back, without spacing. The two reactors were placed in a temperature controlled-
room. The first and second reactors were inoculated with digested-flocculant sludge and granular 
sludge respectively, 25% of each reactor volume. The first reactor was operated for 4 months, the first 
two months at a temperature of 18oC (average wastewater temperature in Dutch summer), while the 
third and forth months at 13oC (average winter-temperature for wastewater in sewer). The second 
reactor was operated for 2 months at 13oC, i.e. started when the first reactor was operated at 13oC. The 
HRT was 2.5 days for each reactor. The system was fed with concentrated domestic sewage form the 
Van Hall Institute, Leeuwarden, The Netherlands (mainly black water from about 40 toilets flushed 
with only 4 litre of water and limited amount of grey water from the restaurant in the institute).  
 
For determining the role of adding vertical sheets of RPF on the performance of the AH-septic tank, 
short run experiments were carried out in three small columns (each 1.8 litre). In the first column, 
sludge from the first-step AH-septic tank was added and clean vertical sheets of RPF were put in the 
top, while the second and third column contained only sludge, the same amount as the first-column 
sludge. The first and the second columns were fed with raw sewage, while the third was fed with 
water, each for a period of 3 times the HRT. The HRT was 2.5 days (similar to that of the first-step 
AH-septic tank). The effluent of each reactor within the period of the 3 HRT was collected and 
measured for COD fractions. The aim of the third column was to measure the sludge washed from the 
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sludge bed. The washed COD fractions from this column were deducted from effluent COD of the first 
and second column. Therefore, the actual COD removal in the first and the second column can be 
obtained. For having representative results, the short run experiments were carried out three times. For 
each time, new sludge from the first-step AH-septic tank was used with two feedings, i.e. each feed 
lasted 3  HRT time.  





















































































































1
2
3
4
5
6
7
3
9
10
11
6
12
13
88
 
Fig. 1. Schematic diagram of the experimental set-up. 1, influent wastwater; 2, influent tank with mixer;  3, peristaltic 
pump;  4, first-step AH-septic tank; 5, flocculant sludge bed; 6, gas-solids-liquid separator; 7, media of the first-step 
AH-septic tank (vertical sheets of RPF, type TM10);  8, gasmeter; 9, effluent of the first-step AH-septic tank; 10, 
second-step AH-septic tank; 11, granular sludge bed; 12, media of the second-step AH-septic tank (vertical sheet of 
RPF type TM30); 13, effluent of the second-step AH-septic tank. 
 
COD was assessed using the micro-method described by Jirka and Carter (1975). Raw samples were 
used for total COD (CODt), 4.4 µm paper-filtered (Schleicher & Schuell 5951/2) samples for CODf and 
0.45 µm membrane-filtered (Schleicher & Schuell ME 25) samples for dissolved COD (CODdis). The 
suspended COD (CODss) and colloidal COD (CODcol) were calculated by the differences between 
CODt and CODf, CODf and CODdis respectively.  
 
 
RESULTS AND DISCUSSION 
Performance of the AH-septic tank system  
The performance of the AH-septic tank system is presented in Table 1 and 2. The first-step was 
operated at 18oC to represent the operational conditions in the Dutch summer, while the temperature 
of 13oC corresponds to the winter conditions. The results clearly demonstrated that the first-step had 
distinctly high removal efficiencies for all COD fractions at a temperature of 18oC. Moreover, with 
decreasing temperature from 18oC to 13oC only a slight decrease in the removal of all COD 
fractions was achieved. The COD removal is higher than that reported by Bogte et al. (1993). They 
achieved removal efficiencies of 60, 77 and 6% for respectively CODt,  CODss, CODcol+dis in the 
treatment of black water in a UASB-septic tank at an HRT of 4.3 days at 12oC.  
 
The addition of the second-step improved the removal of the different COD fractions in the system. 
However, the removal of CODdis was limited in this step, mainly as a result of high removal of 
CODdis in the first-step. Although, the two-step AH-septic tank showed a high removal for all COD 
fractions, the biogas production was limited in the system due to the low hydrolysis of particulate 
organic matter, which led to accumulation of the solids in the first-step. After 4 months of 
operation, the first-step became full of sludge. However, the high removal of particulate, which had 
been achieved in the first step, is needed prior to anaerobic digestion of particulate.  
Table 1.  Mean COD concentrations and removal efficiencies (%) for different fractions in the treatment of 
concentrated domestic sewage in the two-step AH-septic tank system at an HRT of 2.5 days for each step at a 
temperature of 18oC and 13oC. 
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  First-step  Second-step 
Month →  1 2 3 4  3 4 
Temperature (oC) →  18 18 13 13  13 13 
Influent (mg/l) CODt 4235 3773 2258 2551  365 623 
 CODss 3591 3261 1767 1942  252 478 
 CODcol 225 78 84 232  42 43 
 CODdis 419 435 407 377  112 101 
         
Effluent (mg/l) CODt 258 233 365 623  112 188 
 CODss 48 109 252 478  8 72 
 CODcol 48 31 42 43  28 43 
 CODdis 161 93 112 101  84 87 
 CH4-COD 158 379 313 455  0 0 
         
Removal (%) CODt 94 94 84 76  69 70 
 CODss 99 97 86 75  97 85 
 CODcol 79 60 50 81  33 0 
 CODdis 62 79 72 73  25 14 
 
Table 2.  Average COD removal efficiencies (%)  for different fractions in the treatment of concentrated domestic 
sewage in the two-step AH-septic  tank system at an HRT of 2.5 days for each step and  temperature of 18oC and 13oC. 
Standard deviation is presented in brackets. 
COD First step  Second step  Two steps 
 18oC 13oC  13oC  13oC 
 CODt 93.9 (0.1) 79.7 (5.9)  69.5 (0.4)  93.8 (1.7) 
 CODss 97.7 (1.4) 80.5 (7.3)  90.8 (8.4)  97.9 (2.3) 
 CODcol 69.3(13.1) 65.6 (22.1)  16.7 (23.6)  74.0 (10.3) 
 CODdis 70.1(12) 72.7 (0.5)  19.6 (7.6)  78.1 (1.7) 
  
Role of the media in the AH-septic tank system  
The results of the short-run experiments are presented in Table 3. The result obviously showed that 
RPF media played a significant role in improving the removal of CODss (by 21.6%), which results 
in increasing of CODt removal by 10%. The partial hydrolysis of the entrapped solids by RPF 
media, resulted in production of colloidal and dissolved organic matter, i.e. negative removal. 
 
Table 3.  % Removal of different COD fractions in the short-run experiments with an HRT of 2.5 days and fed with 
sewage for a period of 3 times the HRT. Standard deviation is presented in brackets. 
Column COD removal (%) 
 CODt CODss CODcol+dis 
Column with sludge bed 47.5 (13.4) 60.0 (18.8) 45.8 (6.8) 
Column with sludge bed + RPF media 57.6 (13.0) 81.6 (12.8) 42.7 (12.7) 
Difference (effect of RPF media) 10.1 21.6 -3.1 
 
Mathematical modelling of the AH-septic tank system  
As the first-steps of the system was full of sludge after 4 months of operation, mainly due to high 
particulate removal and limited hydrolysis of these entrapped particulate, optimisation of the 
hydrolysis and conversion in the system are needed. Therefore, a simple mathematical model based 
ADM1 (IWA, 2002), was developed. The experimental results showed that the second–step was 
low loaded and the high COD removal in the system was mainly achieved in the first-step. 
Therefore, a one-step system will be sufficient for the treatment of concentrated sewage, if 
hydrolysis and conversion of accumulated particulate will be optimised. Accordingly, the 
mathematical model is used for optimising the design of such an AH-septic tank. For simplification 
and reduction of constants assumption, the model is mainly based on first-order and Monod kinetics 
for, respectively, hydrolysis of biodegradable particulate and conversion of dissolved organic 
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matter. Table 4 shows biochemical rate coefficients and kinetic rate equations for particulate and 
soluble components. 
 
Table 4. Biochemical rate coefficients and kinetic rate equations for particulate and soluble components in the 
simplified mathematical model. 
Component  (i)→ Xb XI Xm Sb SCH4 Si Rate 
Process  (j) ↓        
Hydrolysis -1   1   Khyd * Xb 
Conversion   Ym -1 (1-Ym)  Km * Sb * Xm / (Ks + Sb) 
Decay 1  -1    Kd*Xm 
Xb: biodegradable-particulate concentration (mgCOD/l), Xi: inert-particulate concentration (mgCOD/l), Xm: biomass 
concentration (mgCOD/l), Sb: biodegradable soluble-substrate concentration (mgCOD/l), SCH4: converted substrate to 
methane (mg CH4-COD/l), Si: soluble-inert concentration (mgCOD/l), Khyd: first-order hydrolysis constant (1/d), Km: 
Monod maximum specific uptake rate (mg COD_S/mg COD_X.d), Ks: half saturation concentration (mg COD/l), Y: 
yield of biomass on substrate ((mg COD_S/mg COD_X), µmax: Monod maximum specific growth rate (1/d). 
 
The system is considered as a completely stirred tank reactor (CSTR) without short-circuiting flow. 
Bolle et al. (1986) showed that the sludge bed in UASB reactors could be considered as a CSTR 
with short-circuiting flow and decreasing gas velocity lowered the short-circuiting flow. Therefore, 
the short-circuiting flow in the AH septic tank is neglected in the model as the reactor has a 
distinctly low wastewater upflow velocity (<1 m/d) and gas velocity. Also, in the model, the 
effluent particulate concentration is assumed to originate from the influent (i.e. not removed in the 
reactor) and having a retention time equal to the reactor HRT.  Therefore, the mass balance for 
particulate organic can be written as follow:-  
 
∑
−=
+−−=
31
)1(
j
i  ,influenti  ,influenti equation rate kinetic*tcoefficien rate
V
RqX
V
qX
dt
dX
 
 
Where q, V and R are wastewater flow (l/d), reactor volume (l) and particulate removal 
respectively. Table 5 shows the values of constants and variables applied in the model. The initial 
seed sludge volume is assumed to be 25% of the reactor volume. The reactor is considered to be full 
of sludge, when sludge bed volume reaches 70% of the reactor volume with sludge bed 
concentration of 40000 mg COD/l, as the experimental results showed that the sludge bed 
concentration was 21000 mgVSS/l, i.e. about 40000 mg COD/l. Based on the system performance, 
the particulate COD removal used in the model is assumed to be 90 and 95% at temperature of 13 
and 18oC respectively. The model was carried out using QBASIC programme and applying 
numerical integration at small time interval of 0.005 day (i.e. 7.2 minutes).    
 
Table 5. Values of parameters and variables applied in the model. 
      References 
Concentration:       
 Xb Xi Xm Sb Si  
Influent (CODt=3600 mg/l) 2800 100 300 300 100 This study, Elmitwalli et al. 
(2001) 
Seed sludge(CODt=15400 mg/l) 0 5000 10000 0 400 Miron (1997), Mahmoud (2002)  
       
Kinetic parameters:       
 Y Kd Ks µmax Khyd 
 Temperature  (oC)    13 0.1 0.02 600 0.08 0.04 
                                       18-20 0.1 0.02 400 0.15 0.15 
                                        30 0.1 0.02 200 0.25 0.30 
This study, Pavlostathis and 
Giraldo-Gomes (1991), Zeeman 
et al. (2000), IWA (2002), 
Methcalf & Eddy (2003) 
 
Fig. 2 shows the results of model calculations on the effect of HRT and temperature on the filling 
period of the reactor with sludge. The results obviously indicate that both HRT and temperature 
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1000
13oC30oC 18-20oC
play a crucial role in the filling period. However, even at a high temperature of 30oC, a long HRT is 
needed for increasing the filling period. For example, the filling period is only 28 days at an HRT of 
1 day at a high temperature of 30oC. Also, for filling the reactor with sludge at a period of a year, an 
HRT of about 3, 4 and 5.5 days is required at temperatures of 30, 18-20 and 13oC respectively. 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2. Effect of HRT and temperature on the filling period of an AH-septic tank (treating concentrated sewage, 3600 
mgCOD/l) with sludge.  
 
Increasing the temperature has more effect on the degree of stability of the sludge in the reactor as 
compared to increasing the HRT (Fig. 3 and Table 6). Doubling the HRT from 2.5 to 5 days at 18-
20oC, decreases the biodegradable fraction in the accumulated sludge by 50%, while at 13oC, it 
decreases by 20%. Also, at high temperature, concentration of accumulated biodegradable fraction 
reaches a stable value with operation time and the reactor is mainly filled with inert and biomass 
particulate, Fig. 3 at HRT of 5 and 18oC. Although the AH-septic tank will be full of sludge after 
990 days at HRT of 7.5 days at low temperature of 13oC, the biodegradable fraction in the 
accumulated sludge will represent a significant part of the sludge (38%), Table 6. While the COD 
removal in the system is rather stable under all operational conditions, at high temperature also a 
stable methanogenesis (methane production) can be achieved during the filling period as shown in 
Fig. 4 at an HRT of 5 days at 18-20oC. 
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Fig. 3. Course of total and biodegradable particulate in an AH-septic tank treating concentrated sewage (3600 
mgCOD/l) at different HRTs and temperatures.  
 
General discussion 
Based on the experimental and the mathematical-model results, an HRT of 5.5-7.5 days is needed 
for a one-step AH septic tank to treat concentrated domestic sewage at a low temperature of 13oC 
(winter period). Such system can provide a COD removal as high as 87% and will be full of sludge 
after a period of more than a year. Moreover, higher hydrolysis and conversion will be achieved in 
the summer period, which will result in a more stabilised sludge.  
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Table 6. Percentage of the accumulated-sludge fractions {biodegradable (Xb), biomass (Xm) and inert (Xi) particulate} 
in the treatment of concentrated sewage in an AH-septic tank after filling the reactor with sludge at different HRTs and 
temperatures. 
HRT(d) → 2.5  5  7.5 
Fraction (%)→ Xb Xm Xi  Xb Xm XI  Xb Xm Xi 
Temperature ↓             
13oC 72 28 10  57 23 20  38 15 47 
 (32)*  (258)  (990) 
18-20oC 48 37 15  24 25 51     
 (85)  (694)     
30oC 16 48 36  8 25 67     
 (230)  (927)   
* the filling period (days) is between brackets. 
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Fig.4. Course of % methanogenesis (M) and CODt removal (R) in an AH-septic tank treating concentrated sewage 
(3600 mgCOD/l) at different HRTs and temperatures.  
 
The results of this research showed the potential of the decentralised treatment of concentrated 
sewage, mainly black water, in the AH-septic tank even at low temperature. The operation and 
maintenance of such system are very simple with low cost, as no mechanical equipment are 
required and the accumulated sludge (which can be used as fertiliser source on site) needs to be 
wasted once a year. Separation of domestic sewage into two streams, black and grey water, leads to 
treat wastewater in sustainable, efficient and inexpensive way with energy production, and 
wastewater and nutrients reuse (Zeeman et al., 2000; Lettinga et al., 2001). In regions suffer from a 
lack of water resources, like the Middle East, the wastewater reuse is essential. The treatment of 
grey water, which represents the major part of domestic sewage (65-75% of domestic sewage 
volume) with less organic pollutant, nutrients and pathogens, can be carried out easily by low-cost 
technology, like filtration (Zeeman et al., 2000; Eriksson et al., 2002). On the other hand, a large 
fraction of main pollutants in domestic sewage, viz. organics, nutrients and pathogens, are 
originally produced in a very small volume, i.e. in black water (Zeeman et al., 2000). As the 
effluent of the treated black water in the AH-septic tank will have a COD as low as 350 mg/l (based 
on the results of this research), post treatment of such effluent, which has a small volume, can be 
performed on-site with low-cost technology, like ponds. 
 
 
CONCLUSIONS 
Treatment of concentrated domestic sewage in the two-step AH-septic tank resulted in higher 
removal efficiencies for COD fractions than those found in the UASB-septic tank. Mean removal 
efficiencies in the two-step AH-septic tank at 5 days HRT and 13oC were 94, 98, 74 and 78% for 
CODt,  CODss, CODcol and  CODdis respectively. However, the first-step AH-septic tank was full of 
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sludge after 4 months of operation due to the high removal of particulate COD and the limited 
hydrolysis at low temperature conditions. Also, the results of short run experiments showed that the 
presence of RPF media in the AH-septic tank improved the removal of CODss by 22%.  
 
Based on the experimental results and mathematical model calculations, an HRT of 5.5-7.5 days is 
needed for a one step-AH septic tank to treat concentrated domestic sewage at a low temperature of 
13oC. Such system can provide a COD removal efficiency as high as 87% and will be full of sludge 
after a period of more than a year.  
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